We determined release of lactate dehydrogenase (LDH) by cultures by measuring an increase in absorbance at 340 nm after addition of NAD. In previous experiments (data not shown), we determined that significant release of LDH by oxidantinjured cells occurred during the 2 hr after exposure as well as during the exposure; therefore, in these experiments we totaled the amounts of LDH in the exposure buffer and in the media 2 hr after the termination of exposure to ozone or hydrogen peroxide and expressed this number as a percentage of total release by cultures exposed to 1% Triton-X 100. Colonyforming efficiency was determined by subculturing cells 2-4 hr after exposure at a density of 2000 cells per duplicate culture plate and allowing growth for 8-10 days. Numbers of colonies (defined by an aggregate of at least 20 cells) were counted and standardized to numbers of colonies formed by unexposed cells. For these experiments, exposures to ozone or hydrogen peroxide were conducted in triplicate, and the same cultures were used for both determination of LDH release and colonyforming efficiency.
Ozone exposure system. Confluent BEAS2B cultures on polycarbonate filters were exposed for 2 hr or 4 hr at 37°C in matched 6-1 plexiglass chambers to 5% C02/95% air (control) or 5% C02/95% air containing specific concentrations of ozone. The flow rate in each chamber was maintained at 1 1/min, and ozone was generated by passing the in-flow to one chamber past a UV mercury vapor lamp. The ozone concentration in that chamber was continuously monitored with a Mast 724 meter and was regulated by variations in the UV lamp intensity. The in-flow to each chamber was bubbled through water to achieve 97% relative humidity. We allowed the ozone chamber to equilibrate for at least 1 hr at the selected ozone concentration before adding the cells. We began timing the exposure period when the chamber concentration was reestablished after adding the (Fig. 1 ).
Hydrogen peroxide is well known to cause DNA single-strand breaks either as direct strand breaks or as base damage (such as formation of thymine glycols) which become alkali-labile sites. In our cell cultures, a concentration-dependent relationship between H202 exposure and induction of DNA single-strand breaks was observed (Fig. 2) (Fig. 3A) . A 50% loss in colony-forming efficiency was observed after exposure to 0.5 ppm ozone for 2 hr or 0.2 ppm ozone for 4 hr (Fig.  3B) . For both exposures, some survival was observed at relatively high concentrations. Thus, loss of replicative ability was observed at lower levels of exposure to both agents than was release of LDH.
Preincubation of cultures with deferoxamine before H202 exposure has been previously described to have protective effects as a result of iron chelation (6) . These protective effects were also observed in our cell cultures preincubated with 2.5 mM deferoxamine for 30 min before H202 exposure. Marked decreases in the levels of DNA single-strand breaks, decreases in release of LDH, and increases in replicative ability were all observed in H202-exposed cultures preincubated with deferoxamine when compared to those not preincubated with deferoxamine (Fig. 4) . In contrast, preincubation with deferoxamine did not appear to have significant protective effects on the cell cultures exposed to ozone (i.e., preincubation with deferoxamine did not affect LDH release nor ability of cells to replicate after exposure to ozone). Hydrogen Peroxide (gM) Figure 2 . DNA single-strand breaks induced by exposure of cell cultures to 0, 20, 50, or 100 pM H202 for 1 hr. The fraction of DNA retained on the filter was determined by counting radioactivity eluted at 3-hr intervals. Less than 5% variablity was seen in duplicate measurements. No singlestrand breaks were detected in ozone-exposed cultures (i.e., fraction of DNA retained was within 5% of control).
Discussion
Although ozone has been identified as an important toxic agent to the respiratory and immune systems, the mechanisms of its cellular toxicity remain poorly defined. Because ozone is extremely reactive and unstable, it has been postulated that the mechanism of ozone toxicity is related to generation of secondary toxic products, particularly hydrogen peroxide and aldehydes (7) .
Several recent experiments support the role of such secondary products in mediating the toxicity of ozone. For example, dioleoyl phosphatidylcholine liposomes were ozonated and found to generate 1 mol-equiv H202 and 2 mol-equiv aldehydes, based on moles of ozone consumed (8) . The ozonated liposome mixture induced red blood cell hemolysis, which was partially protected by antioxidants such as ascorbate, catalase, and glutathione. These experiments suggested that Figure 1 were subcultured at clonal density to determine colony-forming efficiency. Decrease of CFE is significant for cultures exposed to 10 pM H202 (p < 0.01), for cultures exposed to 0.2 ppm ozone for 2 hr (p < 0.05), and for cultures exposed to 0.2 ppm ozone for 4 hr (p < 0.01).
Volume 102, Number 1 colony-forming efficiency (CFE) and DNA retained were not exposed to any agents; control cultures for lactate dehydrogenase (LDH) release were treated with 1% Trition-X 100 for 30 min. Protective effects of deferoxamine for CFE and LDH release in cultures exposed to H202 is significant (p < 0.01).
both H202 and aldehydes were generated as cytotoxic species from the ozonation of unsaturated fatty acids. In other experiments (9), ozone-exposed aqueous solutions of the tobacco-smoke-derived arylamine l-naphthylamine produced hydroperoxides and a DNA-damaging product (to cultured lung cells) that was not eliminated by treatment with catalase. These authors concluded that neither H202 nor superoxide anions were involved in breaking DNA (9) . In other experiments, arachidonic acid was exposed to ozone and found to degrade to predominantly aldehydic substances and H202 (10) . Similar aldehydic substances were produced by human bronchial epithelial cells (BEAS2B) exposed in vitro to ozone. In vitro, these arachidonic acid products induced an increase in human peripheral blood polymorphonuclear leukocyte polarization, decreased human peripheral blood T-lymphocyte proliferation in response to mitogens, and decreased human peripheral blood natural killer cell lysis of K562 target cells. The aldehydic substances, but not H202, appeared to be the principal agents responsible for these effects. (3) .
Our approach to investigating the possible role of H202 in mediating the toxic effects of ozone on the epithelial cell barrier was to directly compare the effects of ozone exposure to those of H202 exposure on a cultured human bronchial epithelial cell line, BEAS2B, grown on micropore filter surfaces. Characterization of bronchial epithelial cell cytotoxicity to H202 and ozone in this study revealed that significant toxicity, as measured by loss of replicative ability, is seen at lower levels of exposure for both agents than can be detected by release of LDH. These data indicate that a subtle form of injury that can impair replicative ability but that cannot cause cytolysis occurs at these low levels. The effects on replicative ability of cells may have important implications for the ability of cells and tissues to repair initial damage.
The mechanisms of H202 toxicity are not yet completely understood, particularly with regard to its effects on cell replicative ability. Cytolysis of cells exposed to H202 occurs at levels of exposure that are associated with significant DNA single-strand breaks, and some authors have suggested that this cytolysis is a result of depletion of cellular NAD and ATP resulting from attempted repair of the DNA damage (11, 12) . This explanation is not applicable to the loss of replicative ability seen at lower levels of exposure of H202 that are not accompanied by significant DNA single-strand breaks (13) , nor any of the toxic effects of ozone, which do not appear to induce DNA single-strand breaks in these cells.
The toxicity of H202 on biological systems depends on the iron-catalyzed conversion of H202 to hydroxyl radical (6, 14) . This reaction can be blocked by an iron chelator, such as deferoxamine. In our study, deferoxamine markedly decreased all toxic effects of H202 on bronchial epithelial cells, as expected. Deferoxamine did not have a significant effect, however, on the acute cytotoxic effects or loss of replicative ability caused by exposure of the cells to ozone.
In summary, ozone exposure causes decreased replicative ability in cultures of human bronchial epithelial cells at lower levels of exposure than are required to produce acute injury, as measured by LDH release. In contrast to H202, acute cytotoxicity due to ozone exposure is not associated with signifi- 
